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The abnormalities seen in Turner syndrome (mono-
somy X) presumably result from haploinsufficiency of
certain genes on the X chromosome. Gene dosage
considerations lead to the prediction that the culpable
genes escape X inactivation and have functional ho-
mologs on the Y chromosome. Among the genes with
these characteristics are those residing in the pseu-
doautosomal regions (PAR) of the sex chromosomes.
A pseudoautosomal location for a dosage-sensitive
locus involved in stature has been suggested based on
the analyses of patients with deletions of a specific
segment of the short arm PAR; hemizygosity for this
putative locus probably also contributes to the short
stature in Turner individuals. We have isolated a gene
from the critical deleted region that encodes a novel
homeodomain-containing transcription factor and is
expressed at highest levels in osteogenic cells. We
have named the gene PHOG, for pseudoautosomal
homeobox-containing osteogenic gene. Its deletion in
patients with short stature, the predicted altered dos-
age in 45,X individuals, along with the nature of the en-
coded protein and its expression pattern, make PHOG
an attractive candidate for involvement in the short
stature of Turner syndrome. We have also found that
the mouse homolog of PHOG is autosomal, which may
help to explain the lack of a growth abnormality in mice
with monosomy X.

INTRODUCTION

to the Turner phenoty#,3). As in other angloid disorders, the
phenotypic abnormalities are most easily understood as resulting
from altered dosage of certain genes. Genes expected to have ar
altered dose in Turner individuals are those which escape the
process of X inactivation and which have functional homologs on
the Y chromosome (4). Although such an idea for the pathogene-
sis of Turner syndrome was proposed over 30 years ago (3), no
individual genes have emerged as strong candidates for involve-
ment in the Turner phenotype. A gene pair, RPS4X/Y, has been
proposed to play a role in the disorder (5), but evidence arguing
against such a role has recently been reported (6).

A growing number of genes have the above-noted property of
escape from X inactivation and expression from the Y chromo-
some (7). The prototypes of such genes are those in the
pseudoautosomal regions (PAR) of the X and Y chromosomes,
located at the distal ends of both the short and long arms (8).
Besides the gene dosage considerations, another reason for
implicating pseudoautosomal genes in Turner syndrome comes
from observations of certain rare non-Turner patients who exhibit
short stature. Ogata and colleagues have investigated patients
having structural changes in the X and/or Y which result in
deletions of portions of the short arm PAR. It was found that
individuals who were hemizygous for the distal 750 kb of this
region were short, while those with deletions elsewhere within the
PAR were of normal stature (9,10). It was daded that
haploinsufficiency for a gene(s) in the distal deleted interval
results in short stature, and these studies refined the localization
of such a gene proposed a few years earlier based on a different
set of X deletion patients (11).

Since virtually all Turner patients are monosomic for the short
arm PAR, and since short stature is a cardinal feature of Turner
syndrome, it seems reasonable to hypothesize that the dosage-
sensitive locus described by Ogataal contributes to the short
stature in Turner individuals. Currently no cloned genes have

Turner syndrome is a common developmental disorder ibeen assigned to the critical deleted interval, and so we have
females, characterized by four cardinal features: (i) short statusearched for expressed sequences in this region. In this paper we
(i) ovarian failure, (iii) a variety of major and minor malforma- describe the isolation and characterization of a novel pseudoauto-
tions and (iv) a high rate of embryonic lethality (1). Itis classicallysomal gene. Because of its location, its expression pattern, and the
caused by complete monosomy for the X chromosome (a 45p&ature of the predicted protein, we believe it to be a very attractive
karyotype; ref. 2), although certain X chromosome structuralandidate for involvement in the short stature phenotype of
abnormalities that result in partial X monosomy can also give riseurner syndrome. In addition we provide mapping data on the
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clones were obtained and were determined by STS content and
pulsed field electrophoresis to span most of the critical region, as
indicated in the figure. The YACs were subcloned into a cosmid
vector, and several small cosmid contigs were produced; one of
these contigs, centered around the 1dOX&'S28is shown in
Figure 1. DNAs within each contig were pooled and used in exon
trapping (12) experiments, and angle candidate exon was
amplified: a 58 bp segment which encoded a portion of a
homeodomain. This sequence was mapped back to the cosmid
contig shown in Figure 1, and sequencing of cloned genomic
DNA upstream of this trapped exon revealed another potential
exon, based on an open reading frame and appropriate splice

. * Con tranoin oroduct junction sequences. Primers were designed from both potential
" xon frappiis P exons and were used in RT-PCR experiments with RNAs from a

. . . . variety of human tissues, in order to ascertain an appropriate
Figure 1. Strategy for cloning candidate stature genes. The top line shows a !
9 v J 9 P urce of mMRNA for further work.

physical map of the 2.6 megabase pseudoautosomal region at the distal endsfP .
the X and Y short arms. The positions of the known pseudoautosomal genes are RNA from cultured trabecular bone cells was used with the

indicated, according to Reét al. (16). The distal 750 kb that is deleted in the  technique of SRACE (13) to isolate transcribed sequencex 5
set of patients with short stature is bounded proximally by the RXYS15 the trapped exon; the RACE subclone is labeld® & Figure

as shown. Yeast artificial chromosome clones yWXD2539 and yWXD2540 are. L . .
located in this region as indicated. A subset of the cosmid subclones derivegA‘ Additional cDNA clones were obtained by Sequentlal

from these YACs are shown; these clones form a small contig centered aroundCcr€ening of a cDNA library constructed from primary cultures
the locusDXYS28which has been localized to a §E80 kb from the telomere.  0f bone marrow stromal fibroblasts. Over 30 independent clones
This cosmid contig yielded the 58 bp product from exon trapping experimentsyyere isolated from the library, and no evidence was found from
the sequences of these clones to indicate alternative splicing.
: . . Several representative clones are shown in Figure 2A, which
mouse homplog of this gene _tha'g could have important 'mpl'c.aoﬂong with the 5SRACE clone give a composite cDNA length of
tions regarding the phenotypic differences of humans and migeg i, The complete cDNA and predicted protein sequences are
with monosomy X. presented in Figure 3. A homeobox is located in the middle of a
coding region for a protein of 292 amino acids. The region
downstream of the homeodomain contains a small proline-rich
stretch with similarity to SH3 binding sités4,15), believed to

be important for protein—protein interactions. The coding region
A physical map of the short arm PAR is shown in Figure 1, anid flanked by large "sand 3 untranslated regions, with the latter
includes the locations of the genes currently assigned there. Ttmntaining ar\lu repeat element in the position shown in Figures
region that is deleted in the patients of Ogattaal (9,10) is 2A and 3. Characterization of cloned genomic DNA and
indicated; it is bounded distally by the telomere and proximallgomparison with the cDNA sequence revealed that the gene is
by the locu®XYS15None of the cloned pseudoautosomal genesomprised of six exons, whose organization is shown in Figure
lie within the deleted region. Yeast artificial chromosome (YACRB. The first exon is non-coding, and the homeobox is divided

RESULTS

Cloning of a new pseudoautosomal gene
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Figure 2. cDNA and genomic clonesA] The bar figure represents the composite mRNA structure deduced from overlapping cDNA clones. The coding sequenc
is bounded by the AUG and UGA codons, and the position of the homeobox is indicat@dreleat element is located in theBtranslated region as shows) The

insert of the cosmid E12 is shown, with its orientation with respect to the telomere indicated. The vertical lines marketeEEdR| restriction sites. The STS
DXYS28was found by clone blot hybridization to be located within the indidateR! fragment. Exons 1-6 are represented by the labeled black boxes.
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CGCCTCCTTTTGCCCGGGTCCTGAGRAACAGGGGCTCCCCACACTTTGTTTTTTTTTTTTGGTTTTGTTTTATTTCGTTTCCGCGCGTCTCTTTCTACTGC

101 AAACAGAAATGGGAGGGTGGACAGGCGGGTAGCAGCGGATCAGACGCCCAGGACGCAGCAGCCCCAGTCCCCACAGGGTTTGCGGGAGGTGGTGACCGLG

201 CTGGGGACGCCAGGACGCGAATGAACCTCCGGGGCACGCTCGGGGCCTGCGCTCAGAGCTTS&AAAACTGGAGTTTCTTTTCCTCCGGCCACGGAGAGAA

301 CGCGGGTAACCTGTGTGGGGGGCTCGGGCGCCTGCGCCCCCCTCCTGCGCGCGCGCTCTCCCTTCCAAAAATGGGATCTTTCCCCCTTCGCACCAAGGTG

401 TACGGACGCCAAACAGTGATGAAATGAGAAGAAAGCCAATTGCCGGCCTGGGGGGTGGGGGAGACACAGCGTCTCTGCGTGCGTCCGCCGCGGAGCCCGG

501 AGACCAGTAATTGCACCAGACAGGCAGCGCATGGGGGGCTGGGCGAGGTCCCCGCGTATAAATAGTGAGATTTCCAATGGAAAGGCGTAAATAACAGCGC

M E E

601 TGGTGATCCACCCGCGCGCACGGGCCGTCCTCTCCGCGCGGGGAGACGCGUGCATCCACCAGCCCCGGUTGCTCGCCAGCCCCGGCCCCAGCCATGGAAG
L T A F V 8 X §$§ F D O K 8 K D G N G G G G G G G G K K D s I T Y R

701 AGCTCACGGCTTTTGTATCCAAGTCTTTTGACCAGAAAAGCAAGCACGGTAACGGCGCGAGGCGGAGGCCGCGGAGGTAAGAAGGATTCCATTACGTACCG
¥ v L & $ 6 L A R $§$ R E L G T S D S S8 L @ D I T E G G G H C P V H

801 GGAAGTTTTGGAGAGCGGACTGGCGCGCTCCCGGGAGCTGGGGACGTCGGATTCCAGCCTCCAGGACATCACGGAGGGCGGCGGCCACTGCCCGGTGCAT

L F X D H Vv D N D K E K L K E F G T A R V A E I vy B C¢C K E K R E D

901 TTGTTCAAGGACCACGTAGACAATGACAAGGAGAAACTGAAAGAATTCGGCACCGCGAGAGTGGCAGAAGGGATTTATGAATGCAAAGAGAAGCGCGAGG

’)‘Q

vV K 8§ E D E D G ©Q T K L K K R R 8 R T N F T L E © L N E L E R L F
1001 ACGTGAAGTCGGAGGACGAGGACGGGCAGACCAAGCTGAANCAGAGGCGCAGCCGCACCAACTTCACGCTGGAGCAGCTGAACGAGCTCGAGCGACTCTT
p £E T H Yy » D A F M R E E L § ¢ R L G L S E A R V Q V W F Q N R R
1101 CGACGAGACCCATTACCCCGACGCCTTCATGCGCGAGGAGCTCAGCCAGCGCCTGGGGCTCTCCGAGGCCCGCGTGCAS&TTTGGTTCCAGAACCGGAGA
A K C R XK Q BE N K M H K G V I L 6 T A N H L D A C R V A P Y V N M G
1201 GCCAAGTGCCGCAAACAAGAGAATCAGATGCATAAA&ECGTCATCTT“GGCACAGCCAACCACCTAGACGCCTGCCGAGTGGCACCCTACGTCAACATGG

A L R M P F Q Q V Q A Q L O L E G V A H A H P H L H P H L A A H A
1301 GAGCCTTACGGATCCCTTTCCAACA&ETCCAGGCTCAGCTCCACCTCGAAGGCGTGGCCCACGCGCACCCGCACCTGCACCCGCACCTGGCGGCGCACGC

p vy L. M F P P P P ¥ G L P I A S L A E S A S A A A V V A A A A K S

1401 GCCCTACCTGATGTTCCCCCCGCCGCCCTTCGGGCTGCCCATCGCGTCGCTGGCCGAGTCCGCCTCGGCCGCCGCCGTGGTCGCCGCCGCCGCCARAAAGT
N $ K N $§$ s I A D L R L K A R K HE A E A L G L END
1501 AACAGCAAGAATTCCAGCATCGCCGACCTGCGGCTCAAGGCGCGGAAGCACGCGGAGGCCCTGGGGUTCTGACCCGCCGCGCAGCCCCCGCGCGLCCGGA
1601 CTCCCGGGCTCCGCGCACCCCGCCTGCACCGCGCGTCCTGCACTCAACCCCGCCTGGAGCTCCTTCCGCGGCCACCGTGCTCCGGGCACCCCGGGAGLTC
1701 CTGCAAGAGGCCTGAGGAGGGAGGCTCCCGGCACCGTCCACGCACGACGCAGCCAGACCCTCGCGGAGATGGTGCAGAAGGCGGAGCGGGTGAGCGGLCG
1801 TGCGTCCAGCCCGGGCCTCTCCAAGGCTGCCCGTGCGTCCTGGGACCCTGGAGAAGGGTAAACCCCCGCCTGGCTGCGTCTTCCTCTGCTATACCCTATG
1901 CATGCGGTTAACTACACACGTTTGGAAGATCCTTAGAGTCTATTGAAACTGCAAAGATCCCGGAGCTGGTCTCCGGATGAAAATGCCATTTCTTCGTTGC
2001 CAACGATTTTCTTTACTACCATGCTCCTTCCTTCATCCCGAGAGGCTGCGGAACGGGTGTGGATTTGAATGTGGACTTCGGAATCCCAGGAGGCAGGGGC
2101 CGGGCTCTCCTCCACCGCTCCCCCGGAGCCTCCCAGGCAGCAATAAGGAAATAGTTCTCTGGCTGAGGCTGAGCGACGTGAACCGCGGGCTTTGGAAAGGG
2201 AGGGGAGGGAGACCCGAACCTCCCACGTTGGGACTCCCACGTTCCGGGGACCTGAATGAGGACCGACTTTATAACTTTTCCAGTGTTTGATTCCCAAATT
2301 GGGTCTGGTTTTGTTTTGGATTGGTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCTCTGTTACAGCGATTCAGACGCAAAAGACTTCGCATAAGAGACGGACG
2401 CGTGGTTGCAAGGTGTCATACTGATATGCAGCATTAACTTTACTGACATGGAGTGAAGTGCAATATTATAAATATTATAGATTAAAAAAAAAAATAGCCG
2501 TGCACTCTTGACCCCGTCAACGTCCAACGTGGAAAAGGCGTTACCTCTTCTCCCAGCGCTGGCCGCCTGGCACTGAGGGTCCCTTTGCAAAAATCACGGG
2601 TGTAGAGATGGCCCTGGGCGCGCTGGGAGTGTGGTTGTGTTTCTGAAGGGGATAAAAGAGGGCACGGTGGTGCCAAGATATCAGTTTGGTACCTGAGCTG
2701 TTTCTGGTTGGGAAGCGTAAAAGCCAGGGAGAGATCCAGAGAGTTTTCAAGTTTTTGCAGATGTAGGTGGTTCCAGCTTTTCTTTCTCCCCTACTCCATC
2801 TTCTGCGTTCCCCCAGTTCTTTTATTTCTTTGTTTTTTATTTTTGAGACAGAGACTTGCTTTGTCGCCCAGGCTGGAGCGCAGTCCCGCAATGTCAGCTC

2901 ACCGCCACCTCCGCCCCCCGGGTTCAAGCGATGCTCCTGCCTCAGCCTCCCGAGTAGCTGGGACTACAGGCACCTGCCACCACCACCCCCGCCATATTTT
3001 TTGTATTTATAGTAGAGACGGCGTTTCACCGTGTTGGCCAGGCTCGTCTCGGAACTCCTGACCTCAGGTGATCTGCCCGCCTCGGCCTCCCAACGTGCCC
3101 CCAGTTTTATAAACAGCAGATAGCAACTTGTCGTCACAGCTGGCATGGGCTGGACAGTTGCTTGAAATGACCTAACCAAAAACATTCAAGGGTTCTGCCC
3201 CCAGATTTCGGGAGATCCACGTTCCATGTTCTGATTGGTTTTCTGGGAACACAGCAAGGGGTTTGGTGACCTCCGAGAAGATCCATCTGCATGATTGGCA
3301 TTAGTTACCACAGCCAGCCCAGAGAGAAACTATCTTCTCCCAACATTTACTAACATCCACTGGTCAACTCTCTTATTTCCATAACACATTTGCATCTTTC
3401 TGGATTCAACGCTTGGTGGTTTTCTTTCCTAACTTCTGATTTAGATACTTCTCCCTCGAGGTGGGGATAAAAGAAAAAAAAAAACAACTTCTTTTTTGCTT
3501 CCGCATAACACTTCCTATCTTGTCACTGACGCTGAACTGTAGATCCATTTGGACCCGTCTCATTTGTATCTTCTGATATTCTTTATACAAACCAAAAGTCC
3601 CCTTCAACATTTTTTATGTCAAAATGTTACAACCGCTGTAAAATGACGGAGAGAGAGAGAAAGAATCCCAGACATTAACGGTATTAGAGAGTTTGCCTCA
3701 TTCATCCATTTTTCTTAAAAGCTGGAAATTAAAAARAAAAAAGAGGAGAGAGGCTTTCGGTGGACACGTTTGACATTAAAAAAAAAAAARAAAARARARA
3801 CTGGTGCCTAATTTATTAAAGAGAATTAGCTTAGCGATGTATATTCTGATATTCTTCGACACACGTGGGTAAGTTGATGCCATTTATAAATGTTTTATTG
3901 AAATTTGATATTTAATGAGAAGCCGGTTAAGGAATGTAGACAATATCCCGTTTCAAAGCTATGAAATGTGCTATTTATTGAAAGGGGATGTCGGCTTCACG

4001 AGTTCAGCCCATTGTACGTGCAGGTCCCGTGGGAAGGAGGCAAAAGCCCCTGCTTCTTACTTTGTGATGTATGTGGATTTGTTATTTATTTTTTTTTTTC
4101 CTTCGTCGGACGTTCATAAATATGTACTATTTTAATTATGTCGAGTCTAAATTTGACATCGCGTTCCATTTATTTTTATATTTCTGAAAACTGTTGCTTT
4201 TTCTTTTTCCCTCCCCCATTGACGACATAGCGGCCCCCGGTCCGGGTTACAAATACATCTACAGATATTTTCACGGGATTGCTTCAGATGAAAACAAATCA
4301 CACACCGTTTCCCAAACCAACAGICTTCACATTTCTATCCCTCTGTTATTGTCCGGCAGGCGGTGAGGGGTAGAAAAAAAAACAAACAAACAAACAAAAAA
4401 AAAACCAAAAAAAACCACCCTGAGTTITCTCTGGTGACGCCCTCATTCTCCTTTCGTTCAATAACTCAATGTTGAGTTGCAGCAACACGACTGTATCTTTGT

4501 CACGCCCCGTAGTATGAATGTACATCTTCTAAAACTGAGATATAAATAAACTTATAAATATTTGT 4565

Figure 3. PHOG cDNA sequence and deduced amino acid sequence. The mRNA synonymous strand of the composite PHOG cDNA sequelm®isiitsted,

the predicted amino acid sequence. Nucleotide numbers are noted for the leftmost residues of each line. A number afpretrdoms stre present upstream of

the initiator ATG shown. Arrowheads mark the positions of exon—intron junctions. The homeobox and predicted amino aciledsidadsThe proline-rich stretch

in the C-terminal region of the predicted protein that has similarity to SH3 binding sites is underlined. The sequencentrahsl&ed region from residues
2820-3098 that is underlined representg\larrepeat element. The poly A addition signal is bold and underlined. This sequence has been deposited in GenBan
(accession no. U89331).
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Figure 4. Expression of the PHOG gene in human tissWgsA(toradiogram showing the results of northern analysis of RNA from the indicated tissues, using a
cDNA clone containing sequences from exons 1-4 as a hybridization probe. Sizes in kb of RNA standards are listed atitididafedrby ticks for each filter.
BMSF, bone marrow stromal fibroblasts. The bottom photo shows signals obtained by hybridizing the same fitactinopgobe. B) Photograph of RT-PCR
products run on a 5% polyacrylamide gel. Sizes in bp of DNA standards are listed to the left. The top photo shows reRGI& prémers derived from exons 2

and 4 of the PHOG gene, while the bottom photo shows the products obtained using primers for the gene MIC2, a ubiquessedypsgudoautosomal gene.
BMSF, bone marrow stromal fibroblasts; TB, trabecular bone cells; Saos-2 and U-2 OS are osteosarcoma cell lines; SWarf8sar@ama cell line.

between exons 3 and 4; the latter is the exon that was trapped. Th&). Figure 4B shows results of RT-PCRperiments that

locusDXY S28ies within intron 3, thus placing the gere00 kb
from the telomere (16), with the traniptional orientation as
indicated in Figure 2B.

Expression studies

demonstrate expression from both of these primary bone-derived
cultures, as well as from two osteosarcoma cell lines, (Saos-2, U-2
0OS) and a chondrosarcoma cell line (SW1353). Several other
tissues showed expression by RT-PCR, though northern signals
were weak or absent (compare with Fig. 4A). Thus the highest and

) ) _ ) most consistent levels of expression that we have observed is in
The expression of the gene was examined in a variety of humggteogenic cells. For this reason we have named the gene PHOG,

fetal and adult tissues, with the results summarized in Figure # pseudoautosomabmeobox-containingsteogenic gne.
Northern analysis (Fig. 4A) revealed a faint band at 4.8 kb in

heart, skeletal muscle and liver, but transcripts were undetecta

in most tissues, even after the month-long exposure shown in the
figure. In contrast, three prominent transcripts were observed & search of sequence databases with the PHOG sequence
RNA from bone marrow stromal fibroblasts: besides the 4.8 kievealed strong similarity to a mouse homeobox-containing gene
transcript that (after accounting for a poly A tail) matches théhat has very recently been cloned. An alignment of the protein
length of the composite cDNA of Figure 2A, transcripts of 7.5 andequences of PHOG and the mouse go@e,12(19) is shown

2.0 kb were also seen. We cannot immediately account for theéseFigure 5. The homeodomains of the predicted proteins are
transcripts based on our cDNA clones, although several possilidientical, and there is substantial amino acid similarity (80%) in
explanations exist, including partially processed transcriptshe C-terminal segments.

alternative polyadenylation/splicing, and transcripts from related The corresponding nucleotide similarities are 81% (homeobox)
genes. The stromal fibroblasts are pluripotent stem cells with tled 76% (3coding region). Upstream of the homeodomains the
capacity to differentiate into several different cell types, amonguman and mouse proteins are quite different: other than three
them osteoblasts and chondrocy(g3). Separateuttures of  small blocks of near amino acid identity, the two proteins are
these cells from different individuals all gave strong signals bglmost completely dissimilar. In addition, both the human and
northern analysis and/or RT-PCR, as did primary cultures ahouse proteins have small polyglycine stretches, but these are in
trabecular bone cells, which have an osteoblast-like phenotypgéferent locations in the two proteins. Nonetheless because of the

pping of the mouse homolog
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PHOG MEELTAFVSKSFDQKSKDGNGGGGGGGGKKDS I TYREVLESGLARSRELGTSDSSLQDIT
e S V-E Y PLRGAKEPGCVEPGRDDR

E GGG HCPVHLFKDHVDNDKEKLKE
SSPAVRAA- - -GGAGGGGGGGGGGGGGAGGGGAGGGAGGGRS- -RELDMGAAERSREPGS

FGTARVAEGIYECKEKREDVKSEDEDGQTKLKQRRSRTNFTLEQLNELERLFDETHYPDA
PRLTEVSPELKDRKDDAKGM = -« - -co oo mmmmoee e

FMREELSQRLGLSEARVQVWFQNRHAKCRKQENQMHKGVILGTANHLDACHVAPYVNMGA
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Figure 5. Comparison of the predicted protein sequence of PHOG with that of its mouse h@@!bg,The amino acid sequence of the protein encoded by PHOG
is is listed on the top line in one-letter code. Below that sequence is listed the sequence of the homologous mouseepectieinrasidues are identical, a dash
is placed in the mouse sequence. Where differences occur, the relevant mouse residue is listed. Gaps were introducedqotneéte maintain alignment.

overall sequence similarity, as well as an identical intron—exon
organization for the two genes, there is little doubt@@t12is
the mouse homolog of PHOG. Indeed the differences in the
N-terminal region are reminiscent of the trend of extensive
divergence of human pseudoautosomal genes and their mouse
homologs(20). 5 cM
The mouse homologs of only two other human pseudoautosomal
genes have been cloned, and these mouse genes map not to either

- D3Mit3

of the sex chromosomes, but rather to chromosom@91211) and - lapls3-13
19 (22). We therefore set out to map tbenblog of PHOG in the 1 06-12. Lxn
mouse. We did so by first designing PCR primers flanking an | pamitzz
intronic dinucleotide repeat reported in D&-12 partial genomic I~ Etfdh, Si-s

sequence (19). These primers yieldegipokphic PCR products in

Mus domesticusand Mus spretusDNAs, and we used the -~ Bglap1
interspecific mapping panels from the Jackson Laboratory (23) to

geneticaly mapOG-12 in the mouse. The gene maps to the x g’;ibi 2
proximal-middle portion of chromosome 3; the genetic map of the P
relevant interval in one of the Jackson backcross panels is shown in -+ pamitr1

Figure 6. This chromosomal assignment has interesting implications !
not only with respect to the evolution of mammalian SeXFrigure 6. Genetic map from the Jackson BSS backcross showing part of
chromosomes, but also regarding differences in the phenotype dfromosome 3.The map is depicted with the centromere toward the top. A5 cM

monosomy X in humans and mice, as discussed below. scale bar is shown to the right of the figure. Missing typings were inferred from
’ surrounding data where assignment was ambiguous. Raw data from The

Jackson Laboratory were obtained from the World Wide Web address
DISCUSSION http://www.jax.org/resources/documents/cmdata. Typirld.dbmesticusnd
M.spretus OG-12lleles was done as described in Materials and Methods.
The genes expected to show altered dosage in 45,X individuals is
but a subset of all the genes on the sex chromosomes. These genes
are the ones expressed in two doses in both sexes: from bothdihe the resulting lack of genotype—phenotype correlations in
X and Y in males, and from both the active and inactive X iTurner patients with partial monosomy X. This is why we think
females (4). Among the growing list of such genes, most probabilye pseudoautosomal deletion patients studied by @gah
play no role in Turner syndrome, because one gene copy (8,10) are so important; not only are they deleted for genes
sufficient for normal development to occur. This conclusion i€xpected to have altered dosage in Turner syndrome, but their
based on the observation that hemizygous carriers of distal Xjpenotype is a cardinal feature of the disorder. This seems more
deletions typically display no phenotypic abnormalities othethan coincidence, and it thus seems reasonable to hypothesize tha
than short stature (11,24). Theieais abnormalities of Turner the same locus that leads to short stature in these individuals when
syndrome thus likely result from haploinsufficiency for apresent in single dose also plays a role in the short stature of
relatively small number of genes. The identification of thes@urner individuals, though in the latter other genes may also
dosage-sensitive genes, and the determination of which part of tentribute.
phenotype they are involved in, has been difficult. This difficulty Since PHOG lies in the critical deleted region of the PAR, it
has been in part due to the phenotypic variability of the disordeatisfies the genotype—phenotype criteria for a candidate stature
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locus. Because of its tissue-restricted expression, it has not besralyzed for STS content and by pulsed field electrophoresis to
possible to examine the X inactivation status of PHOG in thaule out chimerism. Clones yWXD2539 and yWXD2540 were
usual manner. This is normally done by studying expression thosen for further experiments. Cosmid subclones with human
rodent—human hybrid cell lines that retain active or inactivénserts were produced from these YAC clones as des¢8bgd
human X chromosomes, but since such hybrids are typicalRestriction mapping and hybridization to known pseudoautosomal
derived from fibroblasts, in which PHOG is not expressed (se8TSs allowed the assembly of several small cosmid contigs,
Fig. 4B), such studies could not be performed. Since the gendrnsluding the one containing PHOG that contains the locus
pseudoautosomal, one would predict that, like all other short arBXYS28 The exon organization of PHOG was determined by
pseudoautosomal genes studied to (He28), it vould escape restriction mapping, hybridization to different cDNA fragments,
X inactivation, and thus have an altered dose in Turner patienegd sequencing of genomic DNA subclones.
The nature of the protein encoded by PHOG (a homeodomain-
containing transcription factor) and its predominant expression j
osteogenic cells furthermore make PHOG a plausible candidal
for involvement in linear skeletal growth. Lastly, there areDNAs from pools of 4-6 cosmids were separately digested with
precedents for dosage effects of genes encoding transcriptieboR1, BarH! and Bglll, and fragments were shotgun cloned
factors (29,30), inading homeobox-containing genal). into the exon trapping vector pSP(I2). Rooled plasmid DNAs
Taken together, the above considerations make a strong caseWefe then used with the exon trapping kit from Gibco BRL,
the hypothesis that haploinsufficiency of PHOG contributes to thgccording to the manufacturer’s instructions. PCR amplification
short stature phenotype of Turner syndrome. The proof of suchpgoducts were subcloned into the vector pAMP10, and double-
hypothesis may be difficult, since the complete Turner phenotypgranded templates were sequenced using the Sequenase kit fron
(even its growth component) likely results from the interactions aflS Biochemicals. The sequences obtained were used to search
a number of genes. Finding mutations of PHOG in patients wiequence databases using BLAST.
short stature would provide strong evidence for its proposed role, but
given the many etiologies of short stature, such patients may bBN Al
difficult to identify. Another way to support PHOG's candidacyC clones

would be to take advantage of an animal model. However, trpq)|y A RNA (0.5ug) from trabecular bone cells was used as a
monosomy X mouse does not have the somatic features of Turggiplate for cDNA synthesis using the cDNA synthesis primer
syndrome(32). Although reduced weight gain of certain XO mice from Clontech’s Marathon cDNA Amplification Kit. Following

has been reported, this was attributed to a paternal X imprintiRgjaptor ligation, two rounds of PCR were performed using an
effect (33). The autosomal location that we have determined fgptisense primer from the trapped exon, along with the nested
OG-12 the mouse homolog of PHOG, could have an importafirimers provided in the kit. A 1.2 kb fragment was amplified and
implication: if PHOG indeed has a dose-dependent role in growdjpcloned into the TA cloning vector pCR2.1 (Invitrogen), and was
in humans an@G-12has a similar function in mice, then the |adeesignated cloneR. A 0.3 kb fragment from the @nd of this

of a growth abnormality in XO mice could at least in part bgjone was used to screen a cDNA library constructed as described
explained by the retention of two copies)s5-12in these animals. (36) from bone marrow &mal fibroblast RNA. Sequential

The obvious extension of this line of thinking is to examine a MOUs@reens were performed using probes derived froraDBIA

with a single copy of the PHOG homolog; such studies have thgones, and sequencing of these clones allowed the assembly of the

potential not only for inferring the role of PHOG in humans, but alsgpNA contig whose sequence is presented in Figure 3.
for generating a mouse model for part of the Turner phenotype.

xon trapping

MATERIALS AND METHODS Expression studies

Poly A RNA (2pg) from bone marrow stromal fibroblasts was
subjected to northern blot analysis as described (36). ikhis f
Yeast artificial chromosome (YAC) clones were obtained from thétrip was hybridized along with the commercial multiple tissue
Genome Center at Washington University. Multiple tissue northefplots as describe@6), using the SR cDNA fragment. The
blots and RNAs were purchased from Clontech. The cell linegutoradiogram shown in Figure 4A was exposed for 4 weeks with
Saos-2, U-2 OS and SW 1353 were obtained from the Americam intensifying screen. The same filters were rehybridized with a
Type Culture Collection. Poly A RNAs were prepared from thesg-actin probe, and were exposed for 6 h. For RT-PCR experi-
sources using the FastTrack kit from Invitrogen. Trabecular borigents, cDNA was synthesized in @Dreactions using 0.fg

cells were prepared from pieces of normal bone under IRB approvedly A RNA and random hexamer primerspllof the cDNA
procedures as described previously (18). Bone marrow stronfg@action was then used in 20 PCR reactions using a sense
fibroblasts were cultured from normal bone marrow fragments d@&imer from exon 2 (SGGACCACGTAGACAATGACAA-
described (34). Total RNA was prepared from these two types &G-3) and an antisense primer from exon'4A6TTGGCTC-
cultured cells, and poly A RNA was isolated by oligodT cellulosd CCGGTTCTGGAAC-3) at a concentration of 05V each.

chromatography. DNAs from mouse interspecific backcross animaldiirty five cycles of amplification were carried out by denatura-
(23) were obtained from the Jackson Laboratory. tion at 94C for 45 s, annealing at 66 for 45 s and extension

at 72 C for 1.5 min (the extension time for the first cycle was 15

min). PCR products were electrophoresed on a 5% polyacryl-
amide gel and photographed after ethidium bromide staining.
YAC clones from the distal PAR that were partially characterize@ontrol PCR reactions were done using primers for the MIC2
by the Washington University Genome Center were furthegene as described (37).

Cells and nucleic acids

Characterization of genomic sequences



Genetic mapping of the mouse PHOG homolog 13.

A dinucleotide repeat polymorphism was found within intron 2
of the OG-12gene which allowed us to distinguidbmesticus
andspretusalleles. PCR was done using primers flanking this g
polymorphism; the sense primer wasCIGGTAATGAG-
AYTGTCTTGC-3 and the antisense primer wasCAGTTCA-
GGGGACACTGAAG-3. PCR was done using 50 ng of DNA
from each of 188 backcross animals [both the BSB and B
backcrosse@3)], under the following conditions: initial dena-
turation at 94C for 4 min, followed by 35 cycles of 9€ for  17.
45 s, 58C for 45 s and 7Z for 1.5 min. This resulted in the
amplification of a 138 bpgM.domesticusllele and a 171 bp 18
M.spretus allele. The PCR products were run on a 10%
polyacrylamide gel and visualized by ethidium bromide stainingg.
Typing data were sent to the staff at the Jackson Laboratory for

linkage analysis. 20
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